The Amyloid- Precursor Protein (APP), a type I transmembrane protein genetically associated with Alzheimer's disease, has a complex biology that includes proteolytic processing into potentially toxic fragments, extensive trafficking, and multiple, yet poorly-defined functions.
A c c e p t e d M a n u s c r i p t 5 neurites upon blocking the activity of -secretase (5) . Taken together, these results indicate that, while full-length APP is transported into neurites along with the fragments, the accumulation at neurite terminals is a characteristic of NTFs, rather than intact APP. Proximity ligation assays (PLA), described below, also support this notion (see Supplementary Material, Fig. S7 ). With CAD cell extracts, we found that the blot region usually attributed to immature and mature, fulllength APP also contains co-migrating, bona fide NTFs, primarily the product of -secretase cleavage, soluble APP- (sAPP) ( Fig. 2A-C) . Many studies erroneously assumed that this region in blots only contains full-length APP species. Yet, as our study now reveals, NTFs are present at detectable levels within neurons under normal conditions.
APP-derived NTFs, but not CTFs, show a peculiar, filamentous distribution, rather than a discrete, vesicular distribution, along cytoskeletal filaments
We examined the distribution of N-and C-terminal epitopes of APP within the neurites in more detail. As previously reported (2) , these are largely segregated to distinct transport carriers.
Interestingly, the C-terminal epitopes appear associated with randomly distributed, vesicle-like structures (Fig. 3A, B) , whereas the N-terminal epitopes are often detected as elongated structures -possibly trains of closely spaced vesicles or tubular transport entities -which distribute strictly along defined filamentous tracks (Fig. 3C) . The filament-like labeling pattern is particularly evident in the soma and proximal neurites of enlarged, flattened CAD cells ( Given the requirement for kinesin-1 for the transport into neurites of APP and its fragments (7, (15) (16) (17) (18) , it appeared likely that the filamentous distribution of NTFs was due to an intimate association of the cargo with the microtubules; such association is usually less evident for other kinesin-1 cargoes described in the literature, but is reminiscent of the tight association of ATPase-deficient kinesin-1 mutants, stably attached to microtubules (19) . The limited number of the NTF-positive tracks ( (20) (Fig. 4B) . Interestingly, this antibody shows extensive colocalization with the N-terminal APP epitopes in the soma, as well as at the neurite terminals (Fig. 4B) . We previously showed that acetylated microtubules are preferentially disrupted by cold methanol (Fig. 5A) . The CFP-APP-YFP protein, when expressed at low levels, lacks toxicity and reiterates the biology of endogenous APP in terms of posttranslational processing, decay, intracellular localization, and compatibility with neuronal differentiation. Indeed, at low levels of expression, the dual-tagged APP -clearly identifiable in immunoblotting and cytochemistryis proteolytically cleaved to generate similar proportions of sAPPs (which are NTFs) and CTFs ( Fig. 5B-D) ; the rate of decay upon cyclohexymide treatment -which blocks protein synthesisis similar to that of endogenous APP (Fig. 5E) . Thus, the dual-tagged APP -at low levels of expression -is a reliable reporter for APP processing and targeting. CAD cells transfected with CFP-APP-YFP were examined by fluorescence imaging of CFP and YFP in live cells. As previously reported for exogenously expressed, untagged or C-terminally tagged APP (APP-YFP), we find extensive colocalization of CFP and YFP in CAD cells expressing CFP-APP-YFP A c c e p t e d M a n u s c r i p t 9 at high levels, when the dual tagged APP uncharacteristically penetrates the filopodia-like processes that emanate laterally from the main neuronal process (Supplementary Material, Fig.   S7A ). In these cases, the C-terminal tag, YFP, massively accumulates at neurite terminals, which is atypical for the C-terminal epitopes of endogenous APP (see Fig. 1 ). However, in cells expressing low levels of CFP-APP-YFP, the two tags segregate in part to different vesicles within neurites ( Fig. 5F and G) . In such cases, the distribution of the N-terminal tag, CFP, mostly mimics the distribution of immunoreactivity detected with antibodies raised to N-terminal APP epitopes (Supplementary Material, Fig. S7B ), and the C-terminal tag seldom accumulates at the neurite terminal (Supplementary Material, Fig. S7C ), as is characteristic for the endogenous C-terminal epitopes (see Fig. 1 ). This segregation is largely dependent on the activity of -secretase, since -as in the case of N-and C-terminal epitopes of endogenous APP -it is significantly abolished upon silencing BACE1 expression with siRNA (Fig. 5H) . We note that the colocalization of the two fluorescent tags -when detected -could also, at least in part, represent colocalization of CTFs with NTFs, rather than presence of uncleaved, full-length APP.
It is also conceivable that mixtures of full-length APP, NTFs, and CTFs are present in the same location, a possibility that is supported by the different CFP/YFP ratios detected in different parts of the transfected cells (Supplementary Material, Fig. S7C ).
Imaging studies of APP tagged with fluorescent proteins were complemented by experiments with dual-tagged APP, carrying smaller tags: FLAG, at its N-terminal end, and Myc, at its C-terminus (Fig. 5A ). Upon expression in CAD cells, FLAG-APP-Myc is subjected to cleavage by secretases, as confirmed with immunoblot detection of the tagged NTFs and CTFs (Fig. 6A) . Immunocytochemistry with antibodies recognizing the tags was used to localize the termini of the dual-tagged FLAG-APP-Myc, or single tagged FLAG-NTF and CTF-Myc A c c e p t e d M a n u s c r i p t 10 polypeptides. As with the fluorescently tagged APP constructs, at high level of expression of FLAG-APP-Myc in CAD cells, the FLAG and Myc tags colocalize extensively. However, at low expression levels (a condition that is achieved in ~ 10% of the transfected cells), significant segregation of the two tags is detected within the neurites. Remarkably, within flattened neurites, the FLAG tag (marking the N-terminus of APP), but not the Myc tag (C-terminus), distributes along filamentous tracks in a pattern similar to that of the N-terminal epitopes of endogenous APP (Fig. 6B and C) . Also similar to the endogenous N-terminal epitopes, in the soma, the FLAG tag concentrates in a perinuclear region (Fig. 6B, upper image) . The filamentous distribution of the FLAG tag is detected in ~ 10% of the transfected cells with flattened neurites. This frequency is similar to the frequency of cells that express FLAG-APPMyc at low levels, which confirms again that, at high level of expression, transport of APP proceeds differently than at normal, endogenous levels. We also note that the filamentous distribution is easily missed in cells with small, rounded soma. This situation is similar to the detectability of the filamentous, microtubule network in cultured neurons, which can only be (Fig. 7) .
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DISCUSSION
The elucidation of the molecular mechanisms of transport of APP in neurons has been a constant preoccupation of researchers since the discovery that the metabolism of APP, including its processing by secretases, is intimately related to its intracellular trafficking. Here we identify the neuronal soma as a major site of generation -and segregation -of NTFs and CTFs. The nature of the compartments in the soma where the NTFs and CTFs segregate and accumulate was not addressed in this study, and remains to be established. In the case of the NTFs, this compartment has a perinuclear distribution, colocalizes with neurofilaments (12) and acetylated microtubules, and its integrity depends on the integrity of both the neurofilaments (12) and the acetylated microtubules (this study). The CTFs accumulate at a compact, pericentrosomal compartment that colocalizes extensively with markers for the ER-Golgi intermediate compartment (ERGIC), the trans-Golgi-network (TGN), and the endosomal recycling compartment (ERC) (unpublished results), which roughly localize to the same region of the cell (22). While all three compartments are sites where APP cleavage could occur (9, (23) (24) (25) (26) (27) , a probable scenario is that CTFs accumulate at the ERC, after being generated in early endocytic compartments from cell surfaceretrieved APP. Indeed, results of PLA, done with neurons expressing FLAG-APP-Myc, are consistent with the presence of full-length APP in subplasmalemmal compartments -a typical location for early endosomes -present in the soma and proximal-medial neurites (Supplementary Material, Fig. S7E ). We also find that a significantly larger fraction of the CTFs is retained in the cell body, compared to the NTFs; unlike the CTFs (5), the NTFs appear to be massively exported from the soma into the neurites. Using immunocytochemistry with multiple antibodies that detect epitopes in the ecto-and the endo-domain of APP, we have confirmed and extended our previous findings that suggest separate transport, and segregated localization of NTFs and A c c e p t e d M a n u s c r i p t CTFs within the neurites.
Because of the complex biology of APP, which includes intricate posttranslational modification and interaction with numerous proteins, tracing transport and localization of APP and of its derived fragments is a difficult, almost insurmountable task, with the current methodology. Since the exogenous expression of APP could affect its proper folding, and alter the regulation and rate of its posttranslational modifications (including its phosphorylation and cleavage by secretases), and could perturb its interactions with the proteins that regulate its transport and metabolism, we initially opted to extract information on APP transport from the localization of the endogenous APP along its transport routes (2, 15) ; this is a powerful strategy also adopted by other groups studying APP transport (28). This approach overwhelmingly suggested that APP is -to a significant extent -transported into neurites as cleaved fragments resulted from proteolytic processing in the neuronal soma. However, immnocytochemistry, even when performed with a large number of validated antibodies specifically recognizing different regions of APP, as we did, has limitations due, for example, to steric hindrance, epitope masking, cross-reactivity with other proteins, and sensitivity to fixation. We therefore complemented the inquiries of endogenous APP with studies of exogenously expressed APP, carrying different tags at its N-and C-termini. To allow for direct comparison with data of immunocytochemistry of the endogenous APP, we monitored the localization of the tags rather than their transport. We note that the combined, complementary use of immunocytochemistry of endogenous proteins with the localization of the tags of expressed, tagged proteins is currently considered the best approach for studying protein localization (29). Using imaging of CFP-APP-YFP in live cells, and immunocytochemistry with anti-tag antibodies (in FLAG-APP-Myc expressing cells), we confirmed the partially segregated distribution of APP's N-and C-termini within the neurites, in A c c e p t e d M a n u s c r i p t 13 neurons that express the dual-tagged APP al low levels, a result consistent with segregated transport of the NTFs and CTFs. We also confirmed reports from our and other laboratories (2, 30) showing that, at moderate to high levels of expression (a frequent situation in transfected cells), the two tags largely colocalize, both in the cell soma and in the neurites. While the colocalization of the tags could indicate the presence of full-length APP, it does not rule out the possibility that some NTFs and CTFs, generated in the soma, are transported together, with the same vesicles. Discerning between these two possibilities will not be easy; both the FRET (for CFP-APP-YFP) and PLA (for FLAG-APP-Myc) analysis are insufficiently tested for transmembrane proteins, where the two epitopes reside on opposite sites of the membrane, and their separation could easily exceed the distance over which FRET can occur. In the case of PLA, detection relies on the physical interaction of the two DNA strands of the PLA probes (each attached via the primary antibodies to the tested epitopes), which could be blocked by the interposing membrane proteins. Our attempts to test for proximity of the FLAG and Myc tags in CAD cells transfected with FLAG-APP-Myc occasionally produced PLA signals, possibly revealing the location at steady state of full-length APP. As stated above, the distribution of the signal was present at intracellular sites consistent with organelles of the early secretory pathway -ER, ERGIC, Golgi -and, in particular, early endosomes, adjacent to the plasma membrane (Supplementary Material, Fig. S7E ). While these are expected locations for full-length APP, one cannot exclude the possibility that cleaved fragments do co-exist with APP. Taken together, these results confirm the segregated transport into neurites of NTFs and CTFs, but also indicate that, at high levels of expression, the machineries of APP processing and/or segregation of the cleaved fragments, could be overwhelmed and dysregulated. This is a general matter of concern A c c e p t e d M a n u s c r i p t 14 in all cases where a protein, extensively involved in interactions with other proteins, is expressed at levels that exceed the binding capacity of the endogenous interacting proteins (31).
In our study, the presence of the tags did not grossly alter the processing of APP by secretases, as shown by the immunoblot detection of APP-derived fragments at the expected electrophoretic mobility, according to the known cleavage pattern of APP by secretases. In addition to the bona fide sAPPs and CTFs, we also detected two prominent, FLAG-tagged NTFs.
Since their molecular size is smaller than that of sAPP, it is likely that they are further cleavage products of sAPP. We note that polypeptides smaller than sAPP were also detected with the antibodies to the APP ectodomain in nontransfected cells, suggesting that APP and sAPP may undergo additional proteolytic processing inside neurons.
An important result of this study is the identification of a tight association of the NTFcontaining compartments with cytoskeletal tracks along the neurites. Interestingly, a tight association of APP (detected with antibodies to its ectodomain) with cytoskeletal filaments was reported in early, pioneering studies of APP localization (32, 33), but those findings have not been followed up. While association with the microtubules is anticipated for any cargo transported by kinesins, the peculiar, filamentous distribution of the NTFs is striking -not normally seen with other kinesin cargoes -and suggests that the transport of NTFs, unlike that of 
MATERIALS AND METHODS
Antibodies
Cell cultures and transfections
Mouse CNS-derived, CAD cells (37), were grown in 1:1 F12:DME medium, containing 8% fetal bovine serum and penicillin/streptomycin. Differentiation was induced by culturing cells in the absence of serum (37). CAD cells, originating from the locus coeruleus, have been successfully employed by us and by others in many studies related to AD or other neurological disorders (38-45). We note that recent studies point to neurons of the locus coeruleus as a site where both oligomerization of A and aggregation of tau could be initiated in AD (42, (46) (47) (48) . In addition, a proposed revision of the stages of AD, known as Braak stages (49), now includes the brainstem This was confirmed by the perfect superposition of the images obtained through the two channels in CAD cells expressing pmaxGFP (Lonza -Amaxa), the fluorescence of which is detectable through both the YFP and the CFP channel (Supplementary Material, Fig. S7D ).
In situ proximity ligation assay (PLA) to test for proximity of the tagged N-and Ctermini of APP, in CAD cells transfected with FLAG-APP-Myc, was done with the Duolink kit (Olink Bioscience, Uppsala, Sweden), according to the manufacturer's instructions, using mouse anti-Myc (PLA probe MINUS) and rabbit anti-FLAG (PLA probe PLUS) as primary antibodies.
Controls for specificity included absence of primary antibodies, or the use of only one primary antibody.
Image acquisition and processing
Images were acquired with an Olympus IX81 microscope (Tokyo, Japan) equipped with Semrock, Inc. (Rochester, NY) filters, cooled CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan), and Image-Pro Plus software (Media Cybernetics, Rockville, MD). Images were processed for contrast and brightness with Adobe Photoshop (Adobe Systems, Inc.).
Occasionally, the distribution of fluorescent particles along neurites was analyzed in thresholded, inverted, gray scale images, using the NIH ImageJ64 software (43) .
For colocalization studies, the extent of colocalization of two epitopes was estimated by quantifying percent coincidence of fluorescent particles between two channels, as described elsewhere (43) . This procedure provides a better quantitation of particle colocalization than the 
Statistical analysis
Statistical analysis to determine significance between experimental groups was done using a twosample t test for the two-tailed hypothesis (54). For each experimental condition, data were derived from at least two separate experiments.
The fraction of Fe65-myc/GFP transfected cells that showed increased immunostaining at neurite terminals with antibodies to the N-or C-terminal regions of APP (detected in the red channel) was determined as follows. First, an exposure time was selected so that only ~20% of non-transfected cells showed detectable fluorescence labeling in the neurites (in the red channel).
Using this exposure time, images were acquired throughout the coverslip, moving from one field to the next. Only a fraction of cells showed immunolabeling. Duplicate images were acquired in the green channel, with exposures that allowed detection of all GFP expressing cells. The percentage of GFP expressing cells that also stained for the APP C-terminus (above the selected threshold) was then calculated. 
